INTRODUCTION
The light-harvesting antennae of photosynthetic systems consist of highly ordered, protein-bound pigments. The spectral properties of these pigments are modified by interactions with their local environment, producing a range of antenna absorptions. A full understanding of the dynamics of excited-state energy transfer and photochemical trapping reactions within the antennae will require a characterization of the role of both spectral and spatial structure in these processes. In green algae and higher plant chloroplasts, this characterization is complicated by the presence of distinct antenna complexes with strongly overlapping spectral properties. Each spectral form of the antenna pigments can potentially make a unique contribution to parallel and sequential reactions of excited-state energy transfer and trapping. Although the transfer of a mobile excited state (excitation) between individual pairs of antenna pigments cannot be resolved in these complex systems, the spectral and kinetic properties of excitations averaged over functional aggregates of antenna pigments can, in principle, be measured. These kinetic and spectral properties provide, in turn, insight into structure/function relationships in the light-harvesting systems.
The application of time-resolved fluorescence spectros-copy using tunable dye laser pulsed excitation and single photon counting detection provides access to both spectral and kinetic information describing excitation decay (1) . The high dynamic range of photon counting permits the resolution of complex multiexponential decays with time resolution of better than 10 ps (2, 3) . The fluorescence decay of green algal cells or higher plant chloroplasts is characterized by at least four or five components (4) with lifetimes between 50 and 2,500 ps. The amplitudes and rate constants for each of these decay components are thought to be related to the relative absorption crosssection and to the kinetics of excitation transfer, trapping, and nonradiative decay (1) . The time-resolved fluorescence excitation and emission spectra of the individual decay components provides information on the absorption and fluorescence properties of pigments contributing to that decay. The assignment of these decays to functional antenna aggregates has been a major focus of recent research in this area. Because of the complexity and spectral overlap of these decay components in vivo, investigators have used a variety of techniques to alter or simplify samples for fluorescence decay analysis, thereby facilitating the assignment of the major fluorescence decay components. These include biochemical fractionation of the photosynthetic apparatus (5) (6) (7) (8) (9) (10) , chemical treatment of intact or fractionated samples (11) (12) , and genetic manipulation of the pigment-protein composition of thylakoid membranes (13) (14) (15) . The results of these and other studies have led to the following general assignments. Two A detailed in vivo investigation of excitations localized in PS I is difficult due to their short lifetime and to the dominance of the PS II decay components. In previous investigations, we have examined the spectral and kinetic properties of PS I fluorescence decay in detergentisolated preparations (2, 8, 9) . Using both theoretical and experimental analyses, these studies have defined the general relationships between antenna structure and the dynamics of excitation transfer and trapping reactions in PS I. Our studies have distinguished between core and peripheral antenna pigments, where the core antenna consists of several spectral forms of chl a (120 chl a/P700) bound in the same protein complex that binds P700 (16, 17) . In green algae and higher plants, the (23) in a modified Cary-14 spectrophotometer (On-Line Instrument Systems, Inc., Jefferson, GA). Polypeptide composition of the thylakoid membranes was determined by using denaturing sodium dodecyl sulfate-PAGE (40C) on a linear 7.5-15% acrylamide gradient (20) . Thylakoid membrane polypeptides were numbered according to the scheme of Delepelaire and Chua (21) . Isolation and quantitation of mutant LHC I content was accomplished using the procedures of Herrin et al. (24) .
Pigment determination
Chlorophylls a and b were measured spectrophotometrically in 90% acetone extracts using the equations of Jeffrey and Humphrey (25) . P700 was measured in thylakoid membranes solubilized in 1% Triton X-100 (Triton/chl 60, wt/wt) by light-induced absorbance changes (26) .
Spectroscopy
Room temperature fluorescence emission spectra (corrected for excitation intensity and detector sensitivity) were recorded using an optical multichannel analyzer (EGG-PAR OMA-III). Absorption spectra of whole cell suspensions were measured in a modified Cary-14 spectrophotometer with a laboratory-constructed integrating sphere.
Fluorescence decay kinetics were measured using time-resolved single photon counting as previously described (9, 14 (2) where Tr is the 1/e lifetime of decay component i. These calculations make no assumptions about the shape of the steady-state spectra. Spectra were corrected for detector sensitivity in all wavelengthdependent measurements.
RESULTS

Mutant characterization
The distribution of pigments in thylakoid membranes and isolated pigment-protein complexes from C. reinhardtii wild type strain 137c and mutant strains B1 and A4d is shown in (28) . After mild dissociation of the particles and separation on nondenaturing gels, the ratio of total chl in the CC I and LHC I bands was found to be -40% higher in strain A4d compared with strain B1 and wild-type ( (24) . The molecular nature of the DS-521 mutation is unclear but it does not affect structural genes (chloroplast or nuclear) of the PS I core complex (Mets, L., unpublished data). Detailed biochemical analysis of these strains will be published elsewhere.
The steady-state absorption and fluorescence emission (200C) spectra of wild type and mutant strains B1 and A4d are shown in Fig. 1 . The absorption spectra reflect the variations in peripheral antenna content in the chl b absorption at 652 nm and minor shifts of the absorption maxima. The fluorescence emission spectra show the greatest variation in the long wavelength (685-740 nm) regions, resulting from increased contributions of PS I emission in the mutant strains (28, 30) .
Time-resolved fluorescence analysis
The room temperature fluorescence decay (excitation at 670 nm, emission at 690 nm) of intact cell suspensions of lifetimes of 10-40 ps have been reported for detergentisolated PS I preparations (2, 5, 9) . In all previous cases, the decays were attributed to the lifetime of excitations in the PS I core antenna. The differences in the lifetime of the fast decay component between A4d and other PS II-minus strains has been consistently observed for more than three years since the mutants were generated. We conclude that the differences are real and not due to artifacts of culture conditions or experimental methods.
The lifetimes of the intermediate and slow decay components were also different in the two strains, but the differences were less significant. Fluorescence decay components with lifetimes in the range of 250-750 ps have been reported in membrane fractions enriched in PS I (9, 10, 27) and in algal mutants lacking PS 11 (8, 14, 15) . Decay components with lifetimes in the range of 750-2,400 ps have been found in monomeric and oligomeric forms of LHC II in vitro (4, 6) and in C. reinhardtii strain C2, which lacks both the PS I and PS II reaction center/core antenna complexes (14, 32) . The amplitudes of the three decay components also vary between strains A4d and B1. In strain A4d, the total decay is dominated (8 5-95%) by the 45 ps component; in Bl and the other PS TI-minus strains, the fast decay (75 ps) contributes a maximum of -50% to the decay (Table 2 ).
Spectral analysis of the decay components
The time-resolved fluorescence emission spectra (652 nm excitation) of the three decay components in strains A4d and B1 are presented in Figs. 2 and 3, respectively. In both strains, the predicted steady-state emission spectra (calculated using Eq. 2 and summing over all decay components) closely resemble the shape of the actual steady-state spectra ( Fig. 2C and 3C ). This establishes the validity of the time-resolved spectra. The contributions of the fast, intermediate, and slow decay components to total steady-state fluorescence (665-750 nm) are calculated to be 22, 28, and 50% in strain A4d and 6, 30, and 64% in strain B1, respectively. For the time-resolved spectra, the shape of the total spectrum (summed overall decay components) is completely determined by the 1/N term in Eq. 2. The contributions of individual decay components to the total time-resolved spectra are determined by the amplitudes Ai. and (b) emission in the range of 700-740 nm is significantly greater in the mutants. The emission spectra of the 1.2-1.8-ns decay in A4d and B1 show a maximum near 680 nm characteristic of isolated LHC II complexes (6) . The spectra are also very similar to the steady-state emission of the double mutant C2 that lacks both PS I and PS II core complexes (32) . In contrast to the similarities of the emission spectra of the fast and slow decay components, emission spectra of the 300-700 ps decay components in strains A4d and B1 differ significantly (Figs. 2B and 3B) The time-dependent evolution of the fluorescence emission spectrum (total emission from all decay components: F[t,X]) following a 5-function excitation pulse can be calculated from the fluorescence decay kinetics at various emission wavelengths using the equation
Here, Aj(X) and r1(X) are the kinetic constants of decay component i at emission wavelength X and N(X) is a normalization factor that is equal to the relative amplitude of the steady-state fluorescence emission spectrum at wavelength X. The data calculated for 652 nm excitation of A4d are shown in Fig. 7 In a previous investigation, we conclude that excitations in the PS I core antenna are not rapidly concentrated within the longest wavelength absorbing spectral forms but are more nearly homogenized over all core antenna spectral forms during the lifetime of the excitation (9). This phenomenon was investigated directly in strain A4d by comparing the fluorescence decay at 695 nm for 680 nm excitation with replicate samples in which the excitation and emission wavelengths were reversed. (3, 14, 27) indicating that the majority of peripheral complexes present (LHC I and LHC II) are coupled to the PS I core. The short lifetimes and red-shifted fluorescence emission properties of the fast decay component in strains A4d and B1 suggest that this decay results from excitations in the PS I core antenna whose lifetime is limited by efficient photochemical quenching on P700 (2, 9). However, the lifetime of this decay component differs by about a factor of two between the two strains (45 ps for A4d, 75 ps for B1). In a previous study, we demonstrated a linear relationship between the lifetime of excitations in the PS I core antenna and the size of the core antenna (9) . Based largely on PS I core lifetime measurements in strain A4d, and in disagreement with other biochemical studies (16, 17) , we previously concluded (9) that the in vivo PS I core antenna size was 62 chl a/P700. We now consider this to be in error due to the discrepency in core antenna lifetimes between A4d and the other PS 1I-minus strains found in the present study. (Note that the only parameter of our lattice model calculations [9] that is sensitive to the core antenna size is the first passage time.) Fig. 8 summarizes the relationship between lifetime of excitations in the PS I core antenna the total chl a + b/P700 in wild type and mutant strains of C. reinhardtii and in two detergent preparations. The data appear to segregate into three groups: detergent preparations with a maximum lifetime of 32 ps (core antenna size <45 chl a/P700 and total chl a + b <I00/P700; circles), C. reinhardtii strains A4d and 4D c (both carrying the DS-521 mutation, lifetimes of 40-45 ps; squares), and C. diamonds). Lifetimes of 75-85 ps were also observed in the seven independent psbA mutants ( Table 2) as well as other species of green algae and chloroplasts of higher plants (1, 32) . Also shown in Fig. 8 is the regression line of core antenna size against lifetime of the fast decay component from reference 2. As previously noted in detergentisolated preparations (9) , the relationship between lifetime and core antenna size does not extend to core plus peripheral antenna size. However, the average lifetimes suggest PS I core antenna sizes of -120 chl a/P700 in wild type and B1, and 60 chl a/P700 in strains A4d and 4Dlc (Fig. 8, asterisks) . We note that although our PS I lifetime differs from that reported by Hodges and Moya (4, 15, 37) , these authors also noted a decrease in PS I lifetime between PS II-minus and PS II-LHC II-minus mutants of C. reinhardtii (51 and 34 ps, respectively) (15) .
A reduction in the PS I core antenna size of strain A4d is supported by two additional factors. First, a chl a + b/ P700 ratio of < 120 and chl a/b ratios between 6 and 8 are characteristic of midexponential phase A4d cultures and are inconsistent with a PS I core antenna size of 120 or even 100. Assuming a chl a/b ratio of 4 in LHC I (38, 39) , these data suggest a core antenna size of -60-65 chl a/P700. Second, detergent-isolated PS I core complexes have antenna sizes in the range of 100-120 or 40-50 chl a/P700, with the smaller complexes resulting from more vigorous detergent treatments (16, 28, 40 Although the PS I core antenna sizes in strains A4d and B1 appear to differ by about a factor of two, several factors indicate that the excitation dynamics are very similar in the two core antenna types. Each strain exhibits (a) similar core antenna absorption properties, (b) similar time-resolved emission spectra for the fast-decay component, (c) characteristics of excitations that are nearly equilibrated among the core antenna spectral forms, and (d) no variation in core antenna lifetime with excitation wavelengths between 680 and 700 nm. At present, our knowledge of the distribution of core pigments among the PS I core apoproteins is incomplete. At least two 60-70 kD proteins are required for binding of P700 and the initial PS I acceptors (42) and the wild-type antenna (120 chl a/P700) may require a total of two to six 60-70-kD proteins for pigment binding (16, 17, 43 (Fig. 8) indicates that back transfer from the PS I core to peripheral antennae is limited.
The spectral and temporal properties of the 1.3-1.8-ns decay in strains B1 and A4d are very similar to those in the double mutant C2 (lacking both PS I and PS II) (14, 32) and isolated LHC 11 (4, 6) . Together with the nanosecond lifetimes, these data support the assignment of this decay to peripheral (LHC I and/or LHC II) complexes that are unable to transfer excitations to core antennae aggregates. This assignment is confirmed by the time-dependent evolution of the total fluorescence emission spectrum, which shows the emission shifting the shorter wavelengths with increasing time after the excitation pulse. In strain B 1, the lack of CC II as an organizational center for LHC II probably accounts for the large amplitude of the slow decay component. However, the difference between the amplitude of the nanosecond decay component (A3 = 0.26) and the fraction of chl a + b in LHC II (0.73, (4, 5, 8, 14, 27) . We noted previously that the occurrence of intermediate decay components was correlated with the presence of coupled peripheral antennae in detergent-isolated PS I complexes (9) . Although the emission spectra of the intermediate decay show characteristics of excitations in the PS I core antenna, direct measurement of P700 oxidation rates (45) suggests that excitations contributing to this decay may not be used in photochemistry. Assuming that the properties of the intermediate decay are not due to membrane fractionation or genetic manipulation, we suggest that the wild type amplitude of this component is probably <10% of the total time-resolved PS I decay.
Divalent cations, in particular Mg2", are known to affect the rates of PS I electron transport (46) , lowtemperature fluorescence yield (34), and absorption cross-section of PS I (47). We observed that Mg2' had no significant effect on the decay in either strain A4d or B1 when core antenna pigments were directly excited at 680 nm. This shows that Mg2+ has no direct effect on energy transfer or quenching processes in the PS I core antenna. For excitation at 652 nm, which is largely absorbed by chl b in the peripheral antenna, no Mg-dependent changes were observed in strain A4d but there were large changes in the decay of B1. Increasing Mg2+ from 0.1 to 5 mM decreased the relative amplitude of the intermediate decay (0.48 to 0.35) in relation to the amplitudes of the fast and slow components, and decreased the lifetime of the fast decay. Both the lifetime and amplitude effects in B1 are in the opposite sense to those predicted from previous measurements (46, 47) and may be related to nonphysiological aggregates of LHC II in the absence of PS II.
A lifetime of 75 ps for the fast decay component is consistent with a wild type core antenna size of 120 chl a/P700. The decrease in core antenna lifetime to 45 ps was only observed in those strains that carry the DS-521 mutation (A4d and 4Dlc). Because the DS-521 mutation affects only the genes encoding the chl a/b-binding proteins (LHC II and LHC II) and not those of the PS I core complex, we suggest that the decreased core antenna lifetime (and apparent decrease in core antenna size) is the result of altered interactions between the peripheral antenna complexes and the PS I core. The nature of these interactions in strains carrying the DS-521 mutation is unknown, as is the role of these interactions in determining the structure of the core complex.
At the present time, the pigment-protein stoichiometry of the PS I reaction center/core antenna complex has not been resolved. Several studies have shown that two types of 60-70-kD proteins (products of the chloroplast psaA and psaB genes) (48) are sufficient to bind all 120 PS I core chlorophylls (16) . Golbeck et al. (42) demonstrated that the minimum functional unit in vitro is a dimer of 60-70-kD polypeptides binding P700 and the initial PS I acceptors. The amino acid sequence of the psaA and psaB products suggests that each polypeptide may bind 30 or more core chlorophylls (49) (17, 49, 50) or six (16) 60-70-kD units per P700. The apparent 50% reduction of the core antenna size in strain A4d and the ability to dissociate the "native" PS I complex (120 chl a/P700) into smaller subunits containing 40-60 chl a/P700 while maintaining photochemical activity (16, 28, 40 ) also supports complexes with more than two pigment-binding subunits. The simplest model for the PS I reaction center/core antenna complex that is consistent with these observations is one that contains four 60-70-kD polypeptides and 120 chl a per P700; two of the 60-70-kD subunits bind P700 and half of the core chl a, the other two subunits bind only the remaining 60 core chl a. We suggest that strain A4d and the smaller detergent preparations (<60 chl a/P700) lack the two subunits that bind only the core chlorophylls.
